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Introduction {#sec001}
============

Diabetic nephropathy (DN) remains the leading cause of end-stage renal disease (ESRD) in the developed world. It is clinically characterized by albuminuria, reduced glomerular filtration, and hypertension, with the latter leading to an increased risk for the development of cardiovascular disease\[[@pone.0214437.ref001]\]. Among many different pathogenic mechanisms, sustained low-grade inflammation and oxidative stress have been identified as pivotal key players in the development of DN\[[@pone.0214437.ref002]--[@pone.0214437.ref006]\].

In DN, proteinuria levels and renal function have been found to correlate with the degree of the inflammatory response\[[@pone.0214437.ref007],[@pone.0214437.ref008]\]. Previous studies, on the inflammatory response associated with DN, have shown Toll-like receptors(TLRs), a family of Pattern Recognition Receptors(PRRs), to be involved in the perpetuation of renal inflammation during diabetes\[[@pone.0214437.ref009]\]. TLRs initiate pro-inflammatory signaling cascades in response to both pathogen- and damage-associated molecular patterns, known as PAMPs and DAMPs, respectively. Furthermore, TLR2 and TLR4 expression is associated with the level of macrophage infiltration, and their inhibition was shown to be reno-protective in DN models\[[@pone.0214437.ref010],[@pone.0214437.ref011]\]. Oxidative stress is a physiological imbalance that occurs when antioxidant defense systems are incapable of keeping reactive oxygen species (ROS) within homeostatic levels. DN and oxidative stress are closely linked due to hyperglycemia-induced ROS production and the mitigation of antioxidant responses through the glycation of antioxidant enzymes. Several lines of evidence have established a causative relationship between oxidative stress and DN, and the inhibition of oxidative stress was found to reduce severity of the disease\[[@pone.0214437.ref012]\]. Excess ROS increases extracellular matrix (ECM) production, which progresses towards fibrosis and, eventually, ESRD\[[@pone.0214437.ref013]\].

Nucleotide-binding leucine-rich repeat containing family member X1 (NLRX1) is the most newly identified member of the NLR family. NLR proteins function within the innate immune system as PRRs. NLR proteins are grouped according their N-terminal domain. NLRX1 is unique in the fact that it contains an N-terminal domain that does not resemble that of the other NLR proteins, and it lacks the domains necessary for inflammasome formation. This same atypical N-terminal was found to enable NLRX1 to localize specifically to the mitochondrion. No other NLR protein is known to localize to a specific organelle\[[@pone.0214437.ref014],[@pone.0214437.ref015]\]. The targeting of NLRX1 to the mitochondrion leads to ROS generation, a well-known microbial defense, and the activation of NF-κB and JNK signaling during the innate immune response\[[@pone.0214437.ref016]\]. Recently, our group showed that the effect of NLRX1 on mitochondrial ROS production may be different in the absence of a microbial trigger. In a model of renal ischemia reperfusion injury (IRI), we observed increased levels of oxidative stress in NLRX1-deficient mice, implying that NLRX1 could also reduce ROS production by regulating mitochondrial activity\[[@pone.0214437.ref017]\]. Indeed, NLRX1-deficient tubular epithelial cells have an enhanced oxidative phosphorylation status as compared to control cells\[[@pone.0214437.ref017]\].

Given the fact that NLRX1 has the unique ability to directly affect both innate immunity and oxidative stress, it is plausible that NLRX1 may play a role in DN. Based on the aforementioned evidences regarding the known effects of PRRs and NLRX1 on inflammation and oxidative stress, respectively, we have established 2 hypotheses in which NLRX1 could play either a protagonistic or antagonistic role in the pathogenesis of DN. Firstly, if NLRX1 functions in a manner similar to that of other PRRs, such as TLRs, we can hypothesize that NLRX1 would facilitate the development of DN through the enhancement of proinflammatory signaling. Secondly, if the inflammation in DN is considered to be sterile, as is the case in IRI, we can hypothesize that NLRX1 would protect against oxidative stress, thereby antagonizing the progression of DN.

We, therefore, assessed the role of NLRX1 in DN in a multiple low-dose streptozotocin (STZ) model of diabetes using wild type (WT) and NLRX1-deficient C57BL/6J male mice. Diabetic parameters were measured and renal tissue was examined for damage, inflammation, fibrosis, and oxidative stress.

Materials and methods {#sec002}
=====================

Mice {#sec003}
----

NLRX1^-/-^ mice were generated as previously described\[[@pone.0214437.ref018]\]. In short, floxed mice with loxP sites at Exon 3 were crossed with a C57BL/6J Cre mouse to generate a NLRX1-deficient C57BL/6J mouse lacking Exon 3. Male WT and NLRX1^-/-^ C57BL/6J mice (Charles River), 11±1 weeks old, weighing 27.5±2 grams, were used.

Animals were housed at the animal care facility of the Academic Medical Center (University of Amsterdam), in accordance with national guidelines, and given ad libitum access to both food and water. Mice were housed in enriched cage systems with 2--4 mice per cage. Twice a week, a health monitoring report was filled out by animal care staff which includes a scoring system for animal discomfort, overall health, responsiveness, physical movement, body weight stability, fur condition, and signs of fighting/aggression (especially among males). At the animal facility, all rooms operate as barriers with 100% fresh, HEPA-filtered air. The movement of persons, equipment, and samples follows pre-defined traffic patterns to prevent clean and dirty supplies from crossing paths. Environmental conditions such as temperature, relative humidty, air flow, light intensity, and management of light and dark periods were monitored daily. These were in accordance with the criteria specified by the American Association for Laboratory Animal Science (AALAS).

Group sizes were calculated based on a power analysis, possible unresponsiveness to STZ, and possible loss due to STZ toxicity. Mice were allocated to treatment or control groups by animal caretakers which ensured no *a priori* knowledge of group assignment and prevented subjective experimenter bias. All experiments were approved by the Animal Care and Use Committee of the University of Amsterdam.

Experimental procedures {#sec004}
-----------------------

Male WT and NLRX1^-/-^ C57BL/J mice were each divided into diabetic (n = 14) and non-diabetic control (n = 8) groups, which resulted in a total of 4 experimental groups.

Diabetes was induced by means of intraperitoneal injections of 50mg/kg STZ (Sigma-Aldrich, Zwijndrecht, The Netherlands) in a maximum volume of 20ml/kg sodium-citrate buffer, for 5 consecutive days. WT and NLRX1^-/-^ non-diabetic controls received 5 intraperitoneal injections of 100μl sodium-citrate buffer. All injections were administered between 9 and 10 AM each day and in the same order. Body weight and blood glucose were monitored weekly for a period of 23 weeks. All measurements were taken in the same order, alternating between cages containing WT and NLRX1^-/-^ mice as well as non-diabetic and diabetic mice. In the final 3 weeks, food and water intake were monitored weekly. In the 24th week, mice were anesthetized (4% isofluorane/100% oxygen), and blood was collected via eye extraction followed by cervical dislocation. Blood was collected in microvette CB 300 lithium heparin capillary tubes (Sarstedt, Nümbrecht, Germany) and centrifuged for 10 minutes at 10,000rpm to separate the plasma fraction, which was stored at -80°C. Both kidneys were harvested and each divided into 2 equal transverse sections. One section was snap frozen in liquid nitrogen and the other fixed in formalin prior to paraffin embedding.

Non-fasted measurements: Blood glucose and hemoglobin A1c {#sec005}
---------------------------------------------------------

Weekly blood glucose measurements were performed using the Contour XT glucose meter (Ascensia diabetes Care, NJ, USA). Blood was sampled from the saphenous vein. The first drop of blood was wiped away and the second was used for the blood glucose measurement. Measurements were taken at the same time of day (between 11am and 1pm). The hemoglobin A1c (HbA1c) percentage was measured in whole blood and is used to determine the degree to which hemoglobin in the erythrocytes has become glycated. Whole blood was collected in the same manner as described for the blood glucose measurement, and HbA1c% was measured using the Mouse Hemoglobin A1c (HbA1c) Assay Kit (Crystal Chem, IL, USA, catalog\# 80310).

Fasted measurements: Insulin, blood glucose, and the Homeostatic model assessment of β-cell function (HOMA- β) {#sec006}
--------------------------------------------------------------------------------------------------------------

Following a 4-hour fast, fasting blood insulin and glucose were measured. Blood glucose levels were measured as mentioned previously, and insulin levels were measured in plasma using the Ultra-Sensitive Mouse Insulin ELISA kit (Crystal Chem, IL, USA, catalog \#90080).

The HOMA-β percentage was calculated as follows:

\[20 \* fasting insulin (mU/l)\] / \[fasting blood glucose (mmol/l)-- 3.5\]\[[@pone.0214437.ref019]\].

Urine analyses: Urinary output, Urinary Albumin Excretion (UAE), and urinary glucose {#sec007}
------------------------------------------------------------------------------------

Mice were housed in metabolic cages for 24 hours in order to obtain 24-hour urine for the measurement of Urinary Albumin Excretion (UAE). The urine volume collected per mouse was documented as urinary output in grams. UAE was measured using the Mouse albumin ELISA quantification kit (Bethyl Laboratories, TX, USA, cat no E90-134, ITK Diagnostics). UAE was corrected for urinary output per mouse. Urinary glucose was determined by a spectrophotometric measurement of glucohexokinase activity. This automated measurement was performed in the Roche cobas c702 Chemistry Analyzer at the Laboratory for General Clinical Chemistry (LAKC) at the Academic Medical Center of Amsterdam.

Plasma analyses: Creatinine and urea {#sec008}
------------------------------------

Plasma creatinine was measured by means of a colorimetric enzyme assay, and plasma urea was determined by means of a kinetic-spectrophotometric quantification of urease activity. Both measurements were performed in an automated system (Roche cobas c702 Chemistry Analyzer) at the Laboratory for General Clinical Chemistry (LAKC) at the Academic Medical Center of Amsterdam.

Histochemical stainings {#sec009}
-----------------------

Kidney sections underwent PAS-D staining to allow for general histological analysis. Formalin-fixed paraffin embedded (FFPE) tissue was deparaffinized and rehydrated. Tissue sections were incubated in a 0.25% amylase solution (Type VI-B, Sigma Aldrich, Missouri, USA), followed by an incubation in 1% periodic acid (Merck), and were finally incubated in Schiff's reagent (Merck, Darmstadt, Germany). Hematoxylin solution (50%, Klinipath, Duiven, The Netherlands) was used as a nuclear stain, after which sections were dehydrated and sealed with Pertex.

Immunohistochemical stainings {#sec010}
-----------------------------

Macrophages (F4/80), lipid peroxidation \[4-hydroxynonenal (4-HNE)\], collagen I and collagen IV were detected in kidney sections by means of immunohistochemical stainings. FFPE tissue was deparaffinized and rehydrated. Sections were incubated in 0.3% H~2~O~2~ in methanol to block endogenous peroxidase and boiled in 0.01M pH 6.0 citrate buffer for epitope retrieval. For macrophage detection, kidney sections were incubated with *rat IgG2b-anti-F4/80* (Bio-connect, mca497ga) primary antibody followed by *rabbi-anti-rat* (Dako) secondary antibody.

For the detection of lipid peroxidation products, kidney sections were incubated with *anti-mouse 4-HNE* mAb primary antibody (Abcam, Ab46545).

For the detection of collagen I and collagen IV, kidney sections were incubated with *rabbit anti- collagen I* (GeneTex, gtx41286) and *rabbit anti-collagen IV* pAb primary antibodies (Abcam, Ab6586), respectively.

F4/80-, 4-HNE-, collagen I, and collagen IV-stained sections were incubated with a tertiary, peroxidase-labeled Powervision poly HRP-anti rabbit antibody (Immunologic, Duiven, The Netherlands) prior to visualization.

F4/80- and collagen I-stained sections were visualized with 1% H~2~O~2~ and 3,3\'-Diaminobenzidine (DAB) (Sigma-Aldrich) in 0.05M Tris-HCL, while 4-HNE- and collagen IV-stained sections were visualized with the DAB Plus system (Dako).

Hematoxylin solution (50%, Klinipath, Duiven, The Netherlands) was used as a standard nuclear stain, after which sections were dehydrated and sealed with Pertex. All primary antibody incubations were performed overnight at 4°C. All secondary and tertiary antibody incubations were performed for 30 minutes at RT.

Quantification of (immuno)histochemical stainings {#sec011}
-------------------------------------------------

Mesangial cellularity was manually quantified in PAS-D-stained renal sections. Fifty glomeruli were counted per mouse. Mesangial hypercellularity was confirmed per glomerulus when more than 3 mesangial cells were observed in a row. For the F4/80, 4-HNE, and collagen I stainings, 10 high-power-field (HPF) (40x magnification) images were captured of the renal cortex and the percentage of the positively stained area was digitally quantified using ImageJ software. Cortical and glomerular collagen IV deposition were digitally quantified in 15 HPFs (40x magnification) of the renal cortex and 15 glomeruli, respectively, using Image J software.

Real time-qPCR {#sec012}
--------------

Total RNA was isolated from 300um-thick frozen renal sections using TRIzol (Invitrogen, Breda, The Netherlands) reagents. RNA isolation was performed according to the manufacturer's instructions. Complementary DNA was generated following a standard protocol. Briefly, oligo-dT primers were ligated to the RNA for 10 minutes at 72°C, followed by a 60 minute polymerization at 37°C with M-MLV reverse transcriptase (Thermo Fisher Scientific). Real time cDNA quantification was performed on the Roche LightCycler 480 (Roche Diagnostics, Woerden, The Netherlands) using SensiFAST SYBR NO ROX kit (Bioline, London, UK). Gene expression was normalized against *TATA sequence binding protein* (TBP) expression. Analysis was performed using the LinRegPCR 12.4 software\[[@pone.0214437.ref020]\]. The following sequences (synthesized by Eurogenetec, Maastricht, The Netherlands) were used for the analysis of NLRX1: (forward: `TGCCATTTGCCCAGGACCTCTT`, reverse: `GCTCCACTGGATCAAGAAGGAGATATGC`) and TBP: (forward `GGAGAATCATGGACCAGAACA`:, reverse: `GATGGGAATTCCAGGAGTCA`).

Western blot {#sec013}
------------

Snap frozen kidney sections were homogenized in Greenberger Lysis buffer (150mM NaCl, 15mM TRIS, 1mM MgCl.6H~2~O, 1mM, CaCl2.2H~2~O, 1% Triton) and set to pH 4 with HCL, containing a protease inhibitor cocktail (Sigma Aldrich). Samples were lysed for 30 minutes on ice, after which the samples were spun down for 10 minutes at 4°C. The supernatants were stored in new Eppendorf tubes and used for western blot analysis. Protein concentration was determined by means of the Bicinchoninic Acid Assay (BCA) (Thermo Fisher Scientific, Waltham, MA, USA) to allow for the preparation of 10μg protein in sample buffer, containing 2-mercapto-ethanol. Samples were subjected to gel electrophoresis for approximately 30 minutes at 200V. Semi-dry transfer was performed using the Thermo Scientific Pierce Power System. Membranes were blocked in 5% milk in Tris-buffered saline (TBS), containing 0.5% Tween-20 for 1 hour. This was followed by overnight incubation in *mouse-anti-mouse α-SMA IgG2A* primary antibody (1:1000, clone 1A4, M085101, DAKO) at 4°C and a 2-hour incubation with secondary antibody *goat-anti-mouse IgG2A-HRP* (1:5000, Southern Biotech) at RT. Beta-actin was measured as a loading control using the primary antibody, *mouse-anti-mouse β-actin IgG1* (1:5000, cat SA5316, Sigma-Aldrich), and the secondary antibody, *goat-anti-mouse IgG1-HRP* (1:5000, Thermofisher Scientific). Membranes were treated with ECL reagents (Thermofisher Scientific) and visualized using the LAS 4000 system. Results were digitally quantified using Image J software and normalized to the loading control.

ELISA {#sec014}
-----

Kidney homogenates were used to measure protein expression of Monocyte chemoattractant protein 1 (MCP-1), Interleukine-6 (IL-6), Tumor necrosis factor-alpha (TNF-α), and active Transforming Growth Factor Beta 1 (TGF-β1) using ELISA duosets (R&D Systems, Abingdon, UK). ELISAs were performed according to the manufacturer's instructions and corrected for protein concentration as determined by the BCA assay (Thermo Fisher Scientific, Waltham, MA, USA).

Statistical analysis {#sec015}
--------------------

Data were anlayzed using Graphpad Prism 5 software and are shown as mean ± SEM. Data was tested for normality using the D'Agostino & Pearson omnibus normality tests. Normally distributed data was statistically analyzed using One-way ANOVA with Bonferroni correction. Data sets with a non-normal distribution were statistically analyzed using the Kruskal Wallis test with Dunn's correction. The Grubbs test was used to identify outliers, which were then excluded from the analysis. As the HbA1c score reflects glycemic levels over a 3-month period, it was considered to be one of the most reliable criterion for the identification of non-responders. Furthermore, a positive correlation was found between HbA1c levels and fasting glucose measurements (R = 0.84, [S1 Fig](#pone.0214437.s001){ref-type="supplementary-material"}). Mice with a HbA1c measurement below 5% were considered non-responders and were excluded from all analyses. This led to the exclusion of 2 mice in the WT diabetic group and 5 mice in the NLRX1-deficient diabetic group.

Results {#sec016}
=======

NLRX1 does not contribute to the development of diabetes in mice after multiple low doses of STZ {#sec017}
------------------------------------------------------------------------------------------------

To determine the efficacy of the model and confirm the induction of diabetes, several metabolic and clinical parameters were tested. Body weight and weight gain were measured in all groups. A steady increase in weight gain was observed in non-diabetic controls, but this was impaired in both diabetic groups ([Fig 1A](#pone.0214437.g001){ref-type="fig"}). Weight gain, when calculated as a percentage of the original body weight, was found to be significantly decreased in diabetic mice with no significant differences between the two strains. In non-diabetic controls, a trend towards decreased weight gain was observed in NLRX1-deficient mice compared to WTs ([Fig 1B](#pone.0214437.g001){ref-type="fig"}). A significant increase in both food and water intake (polydipsia) was observed in diabetic mice compared to non-diabetic controls, without differences being observed between the mouse strains ([Fig 1C and 1D](#pone.0214437.g001){ref-type="fig"}).

![Metabolic parameters: Body weight, weight gain, food intake, and water intake.\
(A) Body weight measured weekly for 24 weeks. (B) Weight gain calculated as a percentage of original body weight. (C-D) Food and water intake measured in the final 3 weeks of the study. Data shown as mean ± SEM. \*\*p\<0.01, \*\*\*p\<0.001.](pone.0214437.g001){#pone.0214437.g001}

All mice were monitored with weekly blood glucose measurements, and 12 weeks following STZ treatment, HbA1c% was measured to determine the level of glycated hemoglobin. As STZ induces diabetes by the depletion of insulin-secreting pancreatic beta cells, fasting insulin levels and the functionality of the beta cells (HOMA-beta) were determined for all mice. Blood glucose levels were elevated and unstable in diabetic mice when compared to non-diabetic controls, whose blood glucose levels remained relatively unchanged throughout the study ([Fig 2A](#pone.0214437.g002){ref-type="fig"}). Both fasting insulin and HOMA-beta levels were significantly decreased in both diabetic groups. In non-diabetic controls these parameters were lower, but not significantly (n.s.), in NLRX1-deficient mice compared to WTs ([Fig 2B and 2C](#pone.0214437.g002){ref-type="fig"}). STZ treatment resulted in a significant increase in HbA1c% in both diabetic groups ([Fig 2D](#pone.0214437.g002){ref-type="fig"}). Urinary glucose excretion (glycosuria) was significantly increased in diabetic mice ([Fig 2E](#pone.0214437.g002){ref-type="fig"}). For all parameters, no significant differences were observed between WT and NLRX1-deficient mice.

![Diabetic parameters: Blood glucose, fasting insulin, HOMA-beta, HbA1c, and urinary glucose.\
(A) Weekly blood glucose measured with the Contour XT glucose meter. (B) Fasting plasma insulin measured with the Ultra-Sensitive Mouse Insulin ELISA kit. (C) HOMA-beta percentage was calculated using fasting blood glucose and plasma insulin values. (D) HbA1c measurement was measured in whole blood using the Mouse Hemoglobin A1c (HbA1c) Assay Kit. (E) Urinary glucose excretion measured in 24-hour urine in the automated Roche cobas c702 Chemistry Analyzer. Data shown as mean ± SEM. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001. HOMA-beta = Homeostatic model assessment of β-cell function; HbA1c = Hemoglobin A1c.](pone.0214437.g002){#pone.0214437.g002}

NLRX1 does not contribute to the development of polyuria and microalbuminuria in STZ-induced diabetic mice {#sec018}
----------------------------------------------------------------------------------------------------------

Several analyses were performed to assess the effects of NLRX1 deficiency and STZ treatment on renal function. Furthermore, the effect of diabetes on NLRX1 expression was examined in WT mice. STZ treatment resulted in a significant decrease in renal NLRX1 mRNA expression ([Fig 3A](#pone.0214437.g003){ref-type="fig"}). Plasma creatinine and urea levels were comparable between non-diabetic controls and diabetic mice, indicating the absence of overt renal dysfunction ([Fig 3B and 3C](#pone.0214437.g003){ref-type="fig"}). Urinary output, however, was significantly increased in diabetic mice, compared to non-diabetic controls, with no difference being observed between WT and NLRX1-deficient mice ([Fig 3D](#pone.0214437.g003){ref-type="fig"}). Urinary albumin excretion was increased in both diabetic groups, but statistical significance was only achieved in WT diabetic mice ([Fig 3E](#pone.0214437.g003){ref-type="fig"}).

![Functional renal markers: NLRX1 mRNA expression, plasma creatinine, plasma urea, urinary output, and urinary albumin excretion.\
(A) NLRX1 mRNA expression measured in renal tissue of non-diabetic and diabetic WT mice. (B-C) Plasma creatinine and plasma urea measured in the automated Roche cobas c702 Chemistry Analyzer. Urinary output and UAE measured in 24-hour urine. (D-E) UAE was measured using the Mouse albumin ELISA quantification kit. Data shown as mean ± SEM.\*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001. UAE = Urinary albumin excretion.](pone.0214437.g003){#pone.0214437.g003}

NLRX1 does not contribute to the development of renal oxidative stress and inflammation in STZ-induced diabetic mice {#sec019}
--------------------------------------------------------------------------------------------------------------------

As hallmarks of DN, both oxidative stress and inflammatory markers were analyzed in renal tissue. The presence of the lipid peroxidation product, 4-HNE, a marker for oxidative stress, was significantly increased in both WT and NLRX1-deficient, STZ-treated mice ([Fig 4A and 4B](#pone.0214437.g004){ref-type="fig"}). Renal inflammation was measured by quantifying MCP-1 expression, the presence of macrophages (F4/80), and macrophage-derived cytokines,IL-6 and TNF-α. MCP-1 was increased in both diabetic groups when compared to controls, but statistical significance was only achieved in WT diabetic mice ([Fig 4C](#pone.0214437.g004){ref-type="fig"}). The F4/80 staining was used for the identification of macrophages infiltrating the renal cortical interstitium. There was no difference in the number of F4/80-positive cells observed in non-diabetic controls and diabetic mice ([Fig 4D](#pone.0214437.g004){ref-type="fig"}). Similarly, IL-6 levels were not affected by the diabetic condition in either mouse strain ([Fig 4E](#pone.0214437.g004){ref-type="fig"}). TNF-α was significantly increased in diabetic WTs, but remained unchanged in diabetic NLRX1-deficient mice, when compared to non-diabetic controls. Consequently, TNF-α was significantly lower in diabetic NLRX1-deficient mice compared to diabetic WT mice ([Fig 4F](#pone.0214437.g004){ref-type="fig"}).

![Oxidative stress and inflammation: 4-HNE, F4/80, MCP-1, IL-6, and TNF-α.\
(A) Quantification of the 4HNE staining in renal tissue. (B) Representative photos of the 4HNE staining (40x magnification). (C) MCP-1 protein expression in kidney homogenate measured by ELISA. (D) Quantification of F4/80 staining for cortical renal macrophages. (E-F) Expression of pro-inflammatory cytokines IL-6 and TNF-α measured by ELISA in kidney homogenate. Data shown as mean ± SEM. \*p\<0.05, \*\*p\<0.01, \*\*\*p\<0.001. 4HNE = 4-hydroxynonenal; MCP-1 = Monocyte chemoattractant protein 1; F4/80 = macrophage marker; IL-6 = Interleukin-6; TNF-α = Tumor necrosis factor alpha.](pone.0214437.g004){#pone.0214437.g004}

Multiple low doses of STZ led to a mild DN phenotype in both WT and NLRX1-deficient mice {#sec020}
----------------------------------------------------------------------------------------

Structural renal alterations and fibrosis were analyzed by the histological assessment of the glomerular mesangium and the presence of known fibrotic markers. The diabetic state did not affect renal α-SMA accumulation, mesangial cellularity, or active TGF-β1 expression in WT and NLRX1-deficient mice, indicating a mild DN phenotype ([Fig 5A--5C](#pone.0214437.g005){ref-type="fig"}). A trend towards increased collagen 1 deposition was observed in WT, but not in NLRX1-deficient, diabetic mice ([Fig 5D](#pone.0214437.g005){ref-type="fig"}). A trend towards increased cortical collagen IV deposition was observed in NLRX1-deficient, but not WT diabetic mice when compared to non-diabetic controls ([Fig 5E](#pone.0214437.g005){ref-type="fig"}). A trend towards increased glomerular collagen IV expression was observed in both diabetic groups with no differences observed between the mouse strains ([Fig 5F](#pone.0214437.g005){ref-type="fig"}).

![Renal fibrosis markers:, α-SMA, mesangial cellularity active TGF-β1, collagen I, and collagen IV.\
(A) Expression of α-SMA mRNA in renal tissue. (B) Quantification of mesangial cellularity in PAS-D-stained renal sections. (C) Protein expression of active TGF-β1, measured by ELISA in kidney homogenate. (D-F) Quantification of collagen I (cortical) and collagen IV (cortical and glomerular) stainings in renal tissue. Data shown as mean ± SEM. α-SMA = alpha smooth muscle actin; TGF-β1 = Transforming Growth Factor-Beta 1.](pone.0214437.g005){#pone.0214437.g005}

Discussion {#sec021}
==========

DN, a renal complication of diabetes, is the leading cause of ESRD worldwide. Its pathogenesis is comprised of several features, including low-grade inflammation and oxidative stress. NLRX1 is the most newly discovered member of a family of PRRs that affects inflammation, but also ROS production, due to its localization in the mitochondrion. Reports have indicated that other PRRs, namely TLR2/4, are involved in the progression of DN and that their inhibition improved disease outcome \[[@pone.0214437.ref021]\]. This gave further plausibility to our hypothesis that NLRX1 may affect the pathogenesis of DN. This study aimed to determine whether NLRX1 played a role in the development of diabetes and DN after multiple low-dose STZ treatment. Our results show that the lack of NLRX1 does not affect the development nor severity of diabetes and DN.

The multiple low-dose STZ model was successful in the initiation of Type-1 diabetes mellitus (T1DM) in both WT and NLRX1-deficient mice. A diabetic phenotype was clearly established, as seen in increased blood glucose, HbA1c values, polyuria, glycosuria, oxidative stress, and inflammation. Interestingly, the effects of an NLRX1 deficiency can be observed at basal levels. A trend towards less weight gain and lower insulin levels, the latter of which also resulted in lower HOMA-beta scores, is observed in NLRX1-deficient non-diabetic controls. However, disease severity did not differ between WT and NLRX1-deficient mice, as demonstrated by the similar results observed upon the assessment of diabetic parameters in both diabetic groups.

The hyperglycemia induced in this model gave rise to a mild DN phenotype, which is seen most clearly by the increase in UAE and oxidative stress (4HNE). However, these parameters were not affected by the NLRX1 deficiency. Renal damage and dysfunction could not be clearly measured in diabetic mice, despite the presence of increased UAE. Fibrosis could not be detected in α-SMA expression, mesangial hypercellularity, nor cortical collagen I and IV accumulation. The trends towards increased glomerular collagen IV expression the only sign of (early) fibrosis observed in the diabetic mice. Based on the data gathered in this study, we can infer that NLRX1 does not play a role in this mild DN phenotype, however the effect of NLRX1 in a more severe DN model requires further investigation. Furthermore, we are aware of the fact that C57BL/6J mice are relatively resistant to nephropathy\[[@pone.0214437.ref022]\]. So, while it may be difficult to assess nephropathy in this model, clear conclusions can be made upon the severity of the diabetic condition, as these mice are highly responsive to STZ treatment. An *in vivo* model more susceptible to nephropathy may be useful in determining whether reduced NLRX1 expression in DN elicits a functional effect\[[@pone.0214437.ref023]\]. We do acknowledge the significant decrease in NLRX1 mRNA expression observed in WT mice upon diabetes but are hesitant to presume that this may indicate a, yet unknown, role for NLRX1 in diabetes or DN. Alternatively, this may be a common response to renal damage or stress, as NLRX1 expression was also found to be decreased in human kidneys following ischemic injury and acute cellular rejection\[[@pone.0214437.ref017]\].

Due to its increased prevalence, one-third of all ESRD patients are type 2 diabetics. DN has a complex pathogenesis, which is further compounded by age in type 2 diabetics. As Type-2 diabetes mellitus (T2DM) is usually diagnosed around the age of 40, type 2 diabetics that suffer from nephropathy may show exacerbated features of the disease due to the higher prevalence of hypertension, obesity, and/or smoking in this age group\[[@pone.0214437.ref024]\]. We, therefore, used a T1DM model due to the reduced number of confounders that would have to be taken into consideration when attempting to recapitulate the human situation. Interestingly, our group has recently shown NLRX1-deficient, western-diet-fed, mice to be protected against renal fat accumulation and dysfunction\[[@pone.0214437.ref025]\]. A role for NLRX1 in diabetes and DN may, in fact, be better explored in a T2DM model, as type 2 diabetes is often associated with obesity. This hypothesis was recently tested by Costford *et al*., using a diet-induced T2DM model in WT and NLRX1-deficient C57BL/6N mice. They reported that NLRX1-deficient mice were partially protected from the development of the diet-induced hyperglycemia based on fasting glucose and insulin levels, as well as glucose tolerance. Interestingly, there were no genotype differences in body weight or adiposity. Histological investigation showed NLRX1-deficient mice to be protected from pancreatic lipid accumulation. Kidney hypertrophy was not observed in this study and renal damage was not reported, therefore, further investigation would be required to determine whether this partial protection from hyperglycemia would also afford protection against the development of DN in NLRX1-deficient mice\[[@pone.0214437.ref026]\].

In our study, the systemic, low-grade inflammation that is commonly associated with DN, was not clearly observed. STZ treatment was not found to affect the number of macrophages detected in renal sections from either mouse strain, despite the increased expression of MCP-1 in diabetic WT mice. TNF-α, which unlike IL-6, is primarily produced by macrophages, was found to be significantly increased in WT diabetic mice, but remained relatively unchanged in NLRX1-deficient diabetic mice. The cause for this significant difference in TNF-α expression observed between both diabetic groups is unclear as other markers (MCP-1 and F4/80) do not indicate differences in renal inflammation levels between WT and NLRX1-deficient diabetic mice.

In the context of T1DM, studies in non-obese diabetic (NOD) mice have shown TNF-α to be involved in disease onset, specifically through its effect on the autoimmune response towards pancreatic beta cells\[[@pone.0214437.ref027],[@pone.0214437.ref028]\]. These findings are in line with the prominent role TNF-α is known to play in autoimmunity\[[@pone.0214437.ref029]\]. Therefore, in a classical, autoimmune-driven, T1DM model, decreased TNF-α levels would be expected have a marked effect. In the STZ model, where autoimmunity is not involved, we would not expect TNF-α to have a marked effect on disease onset. In this study, TNF-α, as well as IL-6, levels were measured as indicators of macrophage presence and activation for the assessment of the inflammatory response in the diabetic kidney, which is known to promote DN. Although we cannot explain the difference in the effect of the diabetic condition on TNF-α expression in the mouse strains, it remains that disease progression and development were found to be similar in both WT and NLRX1-deficient mice.

Based on our previous study\[[@pone.0214437.ref017]\], in which NLRX1-deficient mice were shown to be more susceptible to oxidative stress. We were, therefore, surprised to observe quite similar levels of lipid peroxidation in both WT and NLRX1-deficient diabetic mice. The oxidative stress model used in this previous study was achieved by inducing renal IRI. In this model, the effect of NLRX1 on oxidative stress was only noticeable after ischemia, which is accompanied by a strong influx of inflammatory cells and necrotic debris\[[@pone.0214437.ref017]\]. Although oxidative stress was also achieved in our current diabetic model, based on 4-HNE positivity, the inflammatory component and cellular injury was lacking. This may have abated the effect of NLRX1 on oxidative stress in our diabetic model.

In the previously described oxidative stress model, *in vitro* analysis of murine proximal tubular epithelial cells (PTECs), showed that NLRX1 deficiency affected cellular metabolism. NLRX1-deficient PTECs showed enhanced oxidative phosphorylation and a slight metabolic shift away from glycolysis\[[@pone.0214437.ref017]\]. Although glycolysis is far less efficient in ATP production, it metabolizes glucose much faster than oxidative phosphorylation. Interestingly, this NLRX1-dependent metabolic shift could have paradoxical effects in a diabetic setting.

We can theoretically speculate on the effects of a preference for glycolysis in WT PTECs and oxidative phosphorylation in NLRX1-deficient PTECs in the context of a diabetic model. Firstly, due to their higher rates of glycolysis, WT diabetic mice may be better able to metabolize the excess glucose in their system. Secondly, OXPHOS leads to more ROS production, and, therefore, more oxidative stress. During IRI, NLRX1 protected against renal oxidative stress, presumably by reducing tubular OXPHOS, which resulted in less ROS production and associated collateral renal damage\[[@pone.0214437.ref017]\]. In the context of DN, less oxidative stress may result in a milder phenotype. Based on this view, the NLRX1-driven propensity to metabolize glucose through glycolysis rather than OXPHOS would protect against diabetes and DN by increasing glucose expenditure and reducing oxidative stress levels.

On the contrary, OXPHOS has been linked to a more anti-inflammatory phenotype in macrophages\[[@pone.0214437.ref030],[@pone.0214437.ref031]\]. As low-grade inflammation is not only a hallmark, but a key player in the progression of DN, inhibition of the immune response could be beneficial in delaying its development. In this way, the presence of NLRX1 could lead to a more inflammatory phenotype, through its partiality for glycolysis, which would expedite the progression of DN.

The modulatory effects of NLRX1 on ROS production and inflammation may be dependent on the physiological conditions. This is clearly exemplified in the NLRX1-dependent increase in ROS production observed during infection versus the NLRX1-dependent decrease in ROS production under ischemic conditions\[[@pone.0214437.ref016],[@pone.0214437.ref032]\]. These seemingly inconsistent results may, in fact, be a reflection of the sensitivity of this receptor to changes in the cellular environment, thereby making it a key player in the maintenance of both metabolic and immunologic homeostasis.

Conclusion {#sec022}
==========

Based on the evidence gathered in this study, we conclude that NLRX1 does not mediate diabetes and diabetes-induced nephropathy in mice after multiple low doses of STZ. We believe that this may further demonstrate how NLRX1 differs from other NLRs and PRRs that do play a role in diabetes and DN.

Supporting information {#sec023}
======================

###### Correlation HbA1c% and fasting glucose levels in diabetic and normo glycemic mice.

A positive correlation (R = 0.84, p\<0.0001) was found between HbA1c% and fasting glucose values.

(TIF)

###### 

Click here for additional data file.
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